Vertical profiles of seston food quality and quantity were measured in subalpine Castle Lake for particulate carbon, chlorophyll a, fatty acids and phosphorus in addition to abiotic parameters including water temperature and dissolved oxygen levels. Field and laboratory incubation experiments were employed to manipulate Daphnia rosea growth environments. Sestonic eicosapentaenoic acid (EPA) content was much lower, whereas carbon to phosphorus (C:P) ratios were much higher in the epilimnion compared to the deep-water chlorophyll maximum (16-20 m). In a temperature-controlled incubation, Daphnia grew faster when fed seston from the deep-water chlorophyll maximum. In in situ cage incubations, D. rosea grew fastest in the epilimnion. Daphnia rosea in a migrating treatment exhibited intermediate growth rates between the ones for epilimnion and hypolimnion. A projection of D. rosea growth rates by growth models without regard to water temperature showed much higher growth potentials in the hypolimnion. However, with inclusion of water temperature, epilimnetic water always gave higher potential growth rates. In this lake, warmer temperatures of epilimnetic water override the higher food quality and quantity provided by the deep-water chlorophyll maximum.
I N T R O D U C T I O N
Recently, seston food-quality issues for zooplankton growth and reproduction have become an area of increasing study in aquatic ecosystem research (Gulati and DeMott, 1997; Sterner and Schulz, 1998) . Seston food quality may be a key link in understanding important ecosystem processes such as secondary production, food web dynamics and energy transfer efficiency (MacKay and Elser, 1998; Hessen and Faafeng, 2000) . While many factors have been suggested as determinants of seston food quality, two candidates with the strongest support in freshwater systems are content of essential fatty acids (FA) (eicosapentaenoic acid; EPA: 20:5o3) and phosphorus (Hessen, 1992; Urabe and Watanabe, 1992; Müller-Navarra, 1995; Müller-Navarra et al., 2000) .
Despite many experimental studies on seston food quality, few studies exist on the diel and seasonal dynamics of biochemical and stoichiometric determinants in natural settings. Most of these studies have focused on seasonal variation of seston biochemical composition (Ahlgren et al., 1997; Arts et al., 1997; Kreeger et al., 1997) , with little research on the vertical variation of seston food quality [however, see (Rothhaupt, 1991) and (Elser and George, 1993) ]. An understanding of the vertical variation of seston food quality, however, is important for zooplankton growth since many can migrate vertically, feeding on seston at various depths.
We expect a large vertical variability of seston food quality for the following reasons. First, in most pelagic environments, light and nutrients important for phytoplankton vary dramatically with depth. Also, organisms that comprise seston (the total living and non-living particulate material including phytoplankton, ciliates, heterotrophic nanoflagellates, bacteria and detritus) are distributed unevenly with depth, leading to vertical differences in food quality (Rothhaupt, 1991) . In addition to this spatial variability, seston food quality might change over diel cycles. According to the 'light:nutrient hypothesis' (Urabe and Sterner, 1996; , the carbon-to-phosphorus (C:P) ratio in seston might decrease at night. Also, ultraviolet (UV) radiation may decrease sestonic essential FA content in surface waters (Wang and Chai, 1994; Hessen et al., 1997; Arts, 1999) .
The traditional concept of diel vertical migration (DVM) of zooplankton makes the assumption that food conditions in surface waters are better than those in deepwater layers (Ringelberg, 1999) . However, several studies question this assumption (Rothhaupt, 1991; Williamson et al., 1996) . In addition to the vertical variability of a food resource, there has been increasing interest in the effect of water temperature on zooplankton physiology (Gillooly and Dodson, 2000) . Thus, understanding the vertical distribution of seston food quality and quantity combined with the importance of water temperature to zooplankton bioenergetics could explain the overall growth of vertically migrating zooplankton. High-mountain lakes are known to form deep-water chlorophyll maximums (DCM) (Tilzer and Schartz, 1976) , together with temperature gradients providing a good setting for examining the assumption that zooplankton migrate up to get better food.
The objectives of this study were to (i) quantify diel and vertical variability of seston food quantity and quality, (ii) measure Daphnia rosea Sars growth in in situ cages and in the laboratory under a temperature-controlled environment, (iii) project potential growths of D. rosea at different depths during the day and at night using a temperaturecorrected food resource model and (iv) elucidate the importance of seston food limitation versus water temperature in D. rosea growth in relation to DVM of zooplankton.
M E T H O D Lake sampling and analysis
Castle Lake is a dimictic, oligomesotrophic, subalpine lake with a mean depth of 11.4 m, a maximum depth of 35 m and a surface area of 0.2 km 2 , located in the Siskiyou mountain range of California, USA. The lake has a continuous limnological sampling record since 1959 (Goldman, 2000) . Detailed information describing Castle Lake can be found elsewhere (Goldman and De Amezaga, 1984; Jassby et al., 1990) . During summer stratification, dissolved inorganic nitrogen and phosphorus levels are typically <1 nM L À1 in the epilimnion. Since the thermocline usually lies between 6 and 13 m in Castle Lake (Strub et al., 1985) , we defined water between 0 and 5 m as the epilimnion and water <14 m as the hypolimnion. As for phytoplankton species, cyanobacteria Aphanocapsa sp. are dominant in the epilimnion, while Dinobryon sertularia are dominant at 20 m in August (S. Park, unpublished results) .
Physical, chemical and biological parameters such as irradiance, water temperature, dissolved oxygen (DO), nutrient concentration (nitrate, ammonium and soluble reactive phosphorus), chlorophyll a (Chl a) and zooplankton composition were monitored weekly from an index sampling station located at the deepest part of the lake during the months between June and September 2000 and 2001. In 2001, DO levels were monitored at night ($2300 h) in addition to routine daytime measurements using a handheld DO meter (YSI Model 85). Chl a, FAs and elemental composition (carbon, nitrogen and phosphorus) in seston were measured monthly along a vertical gradient from the surface to the bottom with 5 m intervals during the day ($1200 h) and at night ($2200 h) in 2000. For Chl a, 100-150 mL of water was filtered through glass-fibre filters (Whatman GF/C), frozen, extracted with methanol and measured using a fluorometer (Turner AU-10) with acid correction (Marker et al., 1980) . For FA analyses, 500-1000 mL of water was filtered onto precombusted (at 450 C) Whatman GF/C filters and stored in the gas phase of the liquid nitrogen until transferred to a freezer (À80 C). Extraction and methylation were performed according to Kattner and Fricke (Kattner and Fricke, 1986) . Each FA was identified by the retention time from a separate run of 37 FA methyl ester mix (Supelco). We used 10 mL of heneicosanoic acid (21:0, 1 mg mL
À1
) as an internal standard, which was added onto the freeze-dried filter immediately prior to the extraction process to determine FA concentrations. The samples were analysed with a gas chromatograph (HP6890) with a programmable temperature vaporizer (PTV) and a flame ionization detector (FID). FAs were quantified by calculating the area ratios of a sample compared to the internal standard. Response factors for the single FA standards were obtained from comparisons of quantitative FA standards and the internal standard. The differences between estimated FA concentrations from the internal standard and quantitative standards were <5%. For seston carbon and nitrogen analyses, 100 mL of water was filtered onto precombusted 13 mm Whatman GF/C filters. Filters were dried at 60 C for 2 days, placed in tin foils and analysed for carbon and nitrogen using an inline elemental analyser (PDZ Europa Scientific, ANCA-GSL) with atmospheric air and Pee Dee Belemnite as the standard. Particulate phosphorus was determined by filtering 100 mL of lake water onto a precombusted Whatman GF/C filter with 2 mL addition of 0.07% (wt:vol) Na 2 SO 4 and following Solórzano and Sharp (Solórzano and Sharp, 1980) . All elemental ratios are reported as molar ratios. All lake water used was screened with 243 mm mesh to remove large zooplankton.
Daphnia laboratory growth experiments
The growth of D. rosea was measured directly by two approaches using epilimnetic and hypolimnetic water (i) in the laboratory at constant water temperature (20 C) and (ii) with in situ cages at ambient lake temperatures.
For the temperature-controlled experiments, D. rosea neonates were cultured on Scenedesmus obliquus Kützing grown in batch cultures. Two neonates, born within a 9 h span, were placed in each replicate, a 500 mL Erlenmeyer flask. Each treatment (epilimnion and hypolimnion) had nine replicates in beakers. At the beginning of an experiment, a subsample of neonates was measured for initial lengths and weights. During the experiment, they were fed by replacing water in beakers with water from 1 m depth and from the DCM (16-18 m) every day. A water-bath incubation and aquarium chiller maintained the treatments at 20 C. Each experiment ran for 4 days. At the end of the experiments, animals were harvested and immediately measured for their lengths under a dissecting microscope. Dry weight was measured to the nearest 1 mg using a Perkin Elmer AD-6 microbalance after drying D. rosea at 60 C for at least 48 h. The somatic instantaneous growth rate of D. rosea ( g; day
À1
) was calculated as the dry weight accrual during the experiment according to the following exponential equation:
where W 0 and W t are the mean individual dry weights at the beginning and end of each experiment, respectively, and t is the duration of experiment in days. In order to capture seasonal seston variations, the experiments were repeated seven times between 9 July and 21 September 1999.
Daphnia in situ growth experiments
In situ cage experiments were conducted weekly (five times) between 2 August and 15 September 2001. In these experiments, cohorts of 1-day-old neonates of D. rosea were obtained from mothers picked from towed samples between surface and 20 m. About 900 D. rosea neonates, born within 24 h, were picked from mothers obtained from zooplankton tows. They were incubated in cages [10 L container with mesh screen (NITEX 118 mm) at two sides] for 7 days in the epilimnion (4 m), hypolimnion (20 m) and under migration-simulated treatments (three replications for each experiment) similar to the experimental design of Leibold (Leibold, 1991) . The migration-simulated treatment was conducted only during the last experimental set. The cages in the migrating treatment were moved to epilimnetic water in the evening after dark ($2000 h) and down into the hypolimnion in the morning after sunrise ($0800 h) every day during the 7 day incubation. Body lengths of animals incubated in the experiments were measured at the beginning and end of incubation. Growth rates were calculated from projected dry weights converted from lengths using allometric relationship between length and weight of in situ animals (S. Park, unpublished results ) under P-saturated conditions. This is defined by the following equation:
For the situations of P limitation (seston C:P ratio >300), a phosphorus-limitation model was used to calculate the growth reduction of Daphnia with seston C:P ratio (C:P s ) [for details, see ]. Hence, the combined model used in this study to calculate potential Daphnia growth rate was as follows [ (Park et al., 2002) 
Since water temperature (T; C) has been shown to be an important factor in zooplankton growth, temperature effects on D. rosea growth with varying carbon (C; mg C L À1 ) were modelled with independently derived coefficients using data from Giebelhausen and Lampert (Giebelhausen and Lampert, 2001) . Assuming Daphnia growth would be zero at 0 C, the growth dependence was modelled as follows:
Using equation (4), Daphnia growth rates were simulated from temperatures ranging from 0 to 20 C (1 C increments) and carbon between 0.1 and 1.0 mg L À1 (0.1 mg L À1 increments). For each carbon concentration, fractions of growth rates at a given temperature to the growth rates at 20 C were projected. The decrease of simulated growth rates by water temperature was dependent on food carbon concentration (C ), which was modelled into a correction function for growth decrease with temperature (CF T ) and carbon concentrations (C ) as follows: 
Thus, potential Daphnia growth rates were calculated from EPA content, molar C:P ratio and water temperature in the epilimnion using the following model: 
R E S U L T S Water temperature and diel DO profiles
Thermal stratification developed through the seasons, and the mixed layer deepened from 2 m in June to 8 m in September 2000 (Fig. 1) . The average temperature in the mixed layer was at $20 C between June and August and dropped to 16 C in September. In contrast to the epilimnion water temperature, in the hypolimnion (especially deeper than 20 m) water temperatures were very stable at $4 C.
We checked whether DO decreases at night caused zooplankton to migrate into shallower oxygen-rich water. Overall, DO profiles in 2001 showed that oxygen-enriched metalimnetic layers developed between 6 and 16 m. This plateau in DO was the widest in June and shrank in the ensuing months. Hypolimnetic anoxia (<1 mg O 2 L À1 ) started to occur after the end of July and developed up to the 25 m depth through September. Monthly diel DO profiles showed that early in the season ( June and July), night DO levels were indeed lower than daytime DO levels in the hypolimnetic water, although the discrepancy was small. The diel DO discrepancy in the hypolimnion gradually disappeared through August. In September, hypolimnetic DO levels were higher at night than during daytime.
Chlorophyll a and seston elemental concentration
Throughout the summer, a pronounced Chl a maximum developed at $20 m, with a peak Chl a concentration in August (Fig. 2a) . Chl a concentrations were stable at $1 mg L À1 in the epilimnion, while they varied between 3 and 12 mg L À1 at 20 m. The daytime Chl a peak occurred at 15 m in July and went down to 25 m in September. At the Chl a maximum, higher Chl a concentrations were detected during the night than during the day in June and July.
Although Chl a peaked in the deeper layers, particulate carbon showed no clear pattern over depth, time or month for most of the summer (Fig. 2b) . However, in August, we observed a carbon peak at 20 m that was coincident with the DCM. Particulate carbon concentrations tended to be higher in the epilimnion (0-5 m) during the day, except in June.
The particulate phosphorus concentration tended to increase towards the bottom of the lake. Except for the abnormally high surface concentration in June, epilimnetic particulate phosphorus was between 1 and 2 mg P L À1 . Particulate phosphorus concentrations at 32 m were between 5 and 10 mg P L
À1
. No large differences were detected between day and night particulate phosphorus levels (Fig. 2c) .
Profiles of seston food quality determinants and D. rosea
In general, seston C:P ratios were in the range of 600-1300 in the epilimnion (0-5 m) and gradually decreased to 100-300 at 32 m (Fig. 3a) . Diel differences in seston C:P ratios were not clearly detected in this study. Daytime C:P ratios in the epilimnion in June appeared to be relatively low because of abnormally high particulate phosphorus concentration (Fig. 2b and c) .
In general, the EPA content (mg FA mg C
À1
) and concentration (mg FA L À1 ) were higher in hypolimnion than in JOURNAL OF PLANKTON RESEARCH j VOLUME 26 j NUMBER 12 j PAGES 1489-1498 j 2004 epilimnion (Fig. 3b) . Except for June, the night EPA contents tended to be higher in the epilimnion (0-5 m), while daytime EPA contents tended to be higher than the night EPA contents in the hypolimnion. Daphnia rosea were observed from surface to the lowest depth (32 m), showing that D. rosea distributed the whole water column in 2000 (S. Park, unpublished results). Especially, 40-60% of D. rosea biomass occurred under 15 m, at which water temperatures fell to 4-7 C.
Daphnia rosea growth rates with water from the epilimnion and hypolimnion
In temperature-controlled incubation experiments, D. rosea usually grew better with hypolimnetic water, except for two experiments in which D. rosea exhibited negative growth in both treatments (Fig. 4a ). Student's t test showed that these differences were statistically significant at 95 or 99% level. However, when we applied Bonferroni correction for six experiments, the growth rates were significantly different at 95% level only in one experiment (13 July 1999). In contrast, in the in situ incubation, D. rosea grew larger in the cages situated in the epilimnion than in the hypolimnion except in 9 August 2001 (Fig. 4b) , although the growth rate difference in the experiment (15 September 2001) was not significant at 95% level (Student's t test). When we applied Bonferroni correction for four experiments, the growth rates were significantly different at 95% level only in one experiment (7 September). Daphnia rosea in the migration treatment showed an intermediate growth between epilimnetic and hypolimnetic growth rates.
Potential growth rate of Daphnia
We projected potential growth rates of Daphnia from EPA concentrations, C:P ratios and water temperature (Fig. 5) . Without considering water temperature, in general, potential growth rates were higher with water from the hypolimnion than with water from the epilimnion (Fig.  5a ). Potential growth rates projected with C:P ratios alone were similar to projected growth rates with EPA concentrations alone and are not shown in Fig. 5 . This tendency becomes more obvious when both EPA and the C:P ratios are considered (Fig. 5b) . Once we considered water temperature in addition to the EPA concentration and C:P ratio, Daphnia potential estimated growth rates were much higher in the epilimnion than in the hypolimnion (Fig. 5c ).
D I S C U S S I O N
The vertical aspect of food quality in lakes has not been well recognized in limnological studies until recently (Sterner and Schwalbach, 2001; Winder, 2002) . For both C:P ratio and the o3-polyunsaturated FA (o3-PUFA) content as food quality indicators, the great majority of these data (276 observations) came from epilimnetic seston samples . Taking into account that some species of zooplankton remain in the meta-and hypolimnion all the time, and others migrate vertically in lakes and oceans, understanding the vertical distribution of seston food quality is imperative. The present study reveals great variability in food-quality indicators (C:P ratios and EPA) throughout the whole water column, while obvious difference between day and night food quality was not found in Castle Lake. Since Daphnia is known to be a non-selective feeder, readers should note that the situation for selective feeding zooplankton may be very different.
Since zooplankton perform pronounced DVM in Castle Lake (Redfield, 1979) , they appear to experience fluctuating food quality as they migrate up or down between high quality and quantity in the hypolimnion and low quality and quantity in the epilimnion of this lake. This natural setting is a good example of a non steady state food environment and raises questions on how we properly relate 'growth studies on simplified, constant foods' (Sterner and Schwalbach, 2001 ) to natural situations. One possible ramification of this notion would be that P-limitation effects expected from high C:P ratios in epilimnetic water can be mitigated by feeding on seston of lower strata with lower C:P ratios. It further stresses the importance of measuring food quality profiles over the entire water column, especially for deeper lakes where DVM occurs.
However, it should be noted that having a DCM is a characteristic of high altitude lakes (Tilzer and Schartz, 1976) . Many lowland lakes have higher food quantity in the epilimnion, although food quality at different depths has been poorly studied (Williamson et al., 1996) . In a lowland lake (Schöhsee) in Germany, vertical differences were The results of Welch two-sample t test between different treatments (epilimnion versus hypolimnion) are shown for each experiment. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. less pronounced than seasonal differences in food conditions for D. galeata (Müller-Navarra, 1993) . Also, food quality of DCM may vary among different high altitude lakes (Cole et al., 2002) .
Diel changes of seston food quality were not so obvious as vertical differences in Castle Lake. One possible explanation is that our 'night' sampling time (2200 h) was in fact close to dusk rather than midnight, making our night results rather closer to the daytime values than sampling late in the dark period. Sampling at midnight or just before dawn may have resulted in a better description of diel food quality changes. Also, we cannot exclude the possibility that these diurnal differences in food quantity and quality variables are merely from spatial patchiness fluctuation in a short time scale (within a day). To better understand the diurnal changes, we need to investigate food quality and quantity variables with much finer temporal, spatial and vertical resolutions.
One of the most important aspects of the present study is that water temperature has a dominating effect on D. rosea growth, supporting a recent study from other mountain lakes (Winder et al., 2003) . Since the temperature differences between epi-and hypolimnion were large (12-16 C), D. rosea growth potentials were much higher in the epilimnion despite the lower food quality and quantity values determined under comparable temperatures. The temperature effect was also exhibited in two independent growth experiments showing that D. rosea grew much better with hypolimnion seston at 20 C but grew worse at $4 C. Both results from the growth experiments and model projections match, demonstrating that zooplankton in Castle Lake face the trade-offs between a warm but dangerous and poor food environment and a food-rich and less dangerous but cold environment. This contrasts with the traditional view that zooplankton 'shift from a dangerous although food-rich habitat to a cold and food-poor habitat with a greatly reduced risk of predation' (Ringelberg, 1999) . We observed not only high food concentrations but also high quality coinciding with lower temperatures deep in the lake.
Considering the importance of water temperature in zooplankton DVM is not new. It has been suggested that the maximum fitness of zooplankton can be achieved by remaining in the warmer surface water regardless of food level (Orcutt and Porter, 1983) and that 'vertical temperature gradients are more important than food gradients' (Loose and Dawidowicz, 1994) . In an experiment using a design similar to ours, Leibold (Leibold, 1991) showed that two Daphnia species increased their potential fitness with epilimnetic incubation compared to the migrating and hypolimnetic incubation. The present study highlights that food conditions were most favourable at the DCM in Castle Lake, yet the D. rosea grew better in warmer epilimnion. Our results support a recent study in which D. galeata fed seston from shallow water showed higher growth rates after temperature correction in an European alpine lake with a strong temperature gradient (Winder et al., 2003) . In their results, D. galeata exhibited higher growth rates with the deep-stratum water even after temperature correction in a lake where temperature gradient was weak. Winder and her colleagues (Winder et al., 2003) suggest that strong temperature gradient in Schöhsee could explain the lower growth rates in the deep-water layer. Similarly, we interpret that strong water temperature gradient in Castle Lake led to the higher projected growth rates of D. rosea in epilimnion after temperature correction.
Sterner and Schwalbach (Sterner and Schwalbach, 2001) suggest that a zooplankton integrates its growth under fluctuating food conditions by luxury consumption. They predict that zooplankton growth would be much higher than the linear combination of the growth rates with low and high quality foods when they have storage. In the last in situ incubation experiment, the migrating treatment showed somewhat higher growth rates than the average of epilimnetic and hypolimnetic growth rates. Unfortunately, the experiment with the migration-simulated treatment was not repeated several times and variance within treatments was high. To examine the integrative growth of migrating zooplankton in detail, it would be necessary to conduct similar in situ cage experiments with a migrating treatment.
We cannot exclude the possibility that experimental errors might affect the overall results in both our laboratory and in situ experiments. For example, clogging with algae might have decreased water exchange more in the hypolimnion than in the epilimnion, which could underestimate D. rosea growth rates in the former. Also, negative growth rates from the laboratory experiments on 27 August and 10 September 1999 (Fig. 4a ) might be due to experimental error since our in situ growth experiments done at a similar time (31 August and 7 September 2001) showed the highest growth rates of all. Therefore, we regard these negative growths in the laboratory experiments as results of experimental error such as overfeeding D. rosea mothers with S. obliquus.
Although we could show that water temperature was of primary importance to determine Daphnia growth in Castle Lake, the temperature function in growth potential projections was derived from the literature. As far as we know, there are no data available for Daphnia growth on different EPA concentrations and water temperature, although there are data available on Daphnia growth under varying carbon and water temperatures (Giebelhausen and Lampert, 2001) . Those data would be necessary for formulating a general Daphnia growth model using food quality (EPA and C:P ratios), food quantity (carbon or Chl a) and water temperature.
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